One group of penicillin target enzymes, the class A high-molecular-weight penicillin-binding proteins (PBPs), are bimodular enzymes. In addition to a central penicillin-binding-transpeptidase domain, they contain an Nterminal putative glycosyltransferase domain. Mutations in the genes for each of the three Streptococcus pneumoniae class A PBPs, PBP1a, PBP1b, and PBP2a, were isolated by insertion duplication mutagenesis within the glycosyltransferase domain, documenting that their function is not essential for cellular growth in the laboratory. PBP1b PBP2a and PBP1a PBP1b double mutants could also be isolated, and both showed defects in positioning of the septum. Attempts to obtain a PBP2a PBP1a double mutant failed. All mutants with a disrupted pbp2a gene showed higher sensitivity to moenomycin, an antibiotic known to inhibit PBP-associated glycosyltransferase activity, indicating that PBP2a is the primary target for glycosyltransferase inhibitors in S. pneumoniae.
Penicillin-binding proteins (PBPs), membrane-associated proteins that catalyze late steps in murein biosynthesis, are the classic targets for ␤-lactam antibiotics. They are multidomain proteins, and according to their domain structure, function, and relatedness in peptide sequence, they are classified as multimodular high-molecular-weight PBPs of classes A and B and monofunctional low-molecular-weight PBPs (9) . A common feature is a penicillin-binding domain responsible for the enzymatically catalyzed interaction with ␤-lactam antibiotics that involves a covalent acyl-enzyme intermediate via an active-site serine residue. The critical penicillin-sensitive reaction is a transpeptidation reaction cross-linking the muropeptide side chains of different glycan strands. Class A PBPs, the only PBPs which have been shown to be bifunctional enzymes in vitro, possess an N-terminal glycosyltransferase domain and catalyze transpeptidation as well as glycosyltransferase reaction in vitro (19) . We have used the term glycosyltransferase throughout this paper in order to avoid confusion with the transglycosylases as glycan-degrading enzymes as suggested previously by Di Berardino et al. (7) . The function of the Nterminal domain of class B PBPs is unknown (1) .
Attempts to isolate deletion mutant class B PBPs, such as Escherichia coli PBP2 and PBP3 and Streptococcus pneumoniae PBP2x and PBP2b, failed (3, 14) . In contrast, deletion constructs of the class A PBPs E. coli PBP1a and -1b have been obtained, but double mutants could not be obtained, indicating that the cell requires the function of at least one of these PBPs (23) . The third class A PBP, PBP1c, in E. coli has not been investigated genetically, since its existence was revealed essentially via genome analysis. There are three class A PBPs in S. pneumoniae: PBP1a, PBP1b, and PBP2a (13) , and each is a member of a different subgroup of gram-positive PBPs (9) . So far, only PBP1a mutants have been isolated (12, 14) . In order to explore the roles of these proteins in S. pneumoniae and especially their N-terminal domain in more detail, we constructed mutant versions of each of the three PBP genes and investigated whether double PBP mutants could also be isolated.
PBP1a, PBP1b, and PBP2a single mutants. Mutations in each of the three class A PBP genes were obtained via insertion duplication mutagenesis of the laboratory strain R6 (2), using an internal gene fragment cloned into a vector that cannot replicate in S. pneumoniae but that carries an antibiotic resistance marker selectable upon integration into the chromosome by homologous recombination. Two different constructs were made in order to be able to obtain double mutants, using plasmid pJDC9 with an erythromycin resistance gene (6) and pUC19C, a derivative of pUC19 (New England Biolabs) with the cat gene from pC194 (4) cloned into the HincII site. The internal fragments were designed such that the peptide being transcribed after successful recombination of the plasmid into the chromosomal gene terminated within the glycosyltransferase domain (Fig. 1 ). This domain is defined by six conserved motifs (13) . A seventh conserved motif (GxxxxTxxQ [x is any amino acid]) is homologous to motif 4 in class B PBPs, which according to the structure of PBP2x in S. pneumoniae represents the link between the two domains, and the derivatives obtained after mutagenesis terminated well before this motif (21) .
Internal gene fragments were obtained by PCR performed essentially as described previously (15) in a 100-l volume using 2.5 U of Taq polymerase (Perkin-Elmer, Norwalk, Conn.). The oligonucleotides used for amplification of different genes were as follows: for pbp1a, C10CAACGATTCTGC GCCTAATC30 and G357AGGGAATTGCTTTGCAGATT 337; for pbp1b, C326CTATTCGGACGGGACGG343 and G492GTCGCACGAATCACCGCC474; and for pbp2a, G56T GAACTAGAGGACTCTG73 and C660GCATCTTCTACAC CCC644. The numbers indicate the position in the genes according to their published sequence (11) . After purification of the DNA fragments with the Bio 101 Geneclean II kit (Dianova, Hamburg, Germany), they were first cloned into the PCR II vector by using E. coli INV␣FЈ (TA cloning kit; Invitrogen, Leek, The Netherlands) prior to cloning into the EcoRI site of pJDC9 and pUC19C.
Purified plasmid DNA was used as donor DNA in transformation experiments with competent S. pneumoniae R6 as ac-ceptor. Pneumococci were grown in C medium throughout (16) . Transformation experiments were performed essentially by the published procedure (17) by 30 min of incubation in the presence of DNA at 30°C followed by a 2-h phenotypic expression period at 37°C and growth in agar plates under selective conditions (1 g of erythromycin per ml or 2 g of chloramphenicol per ml). Transformants were readily obtained in all cases, and disruption of the respective PBP gene could be confirmed by PCR analysis and Southern hybridization (not shown). Since the transformants should not contain a penicillin-binding domain in the mutated PBP, they could also be verified by analysis of their PBP profiles (Fig. 2) . PBPs in cell lysates were labeled with [ 3 H]benzylpenicillin (2 Ci per sample; Amersham Buchler, Braunschweig, Germany) as described and detected by fluorography after sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (13) . In order to obtain clear separation between PBP1a and PBP1b, SDS-polyacrylamide gels with 10% acrylamide (acrylamidebisacrylamide [30:0.8]) were used, and for clear separation of PBP2x, -2a, and -2b, 7.5% acrylamide (acrylamide-bisacrylamide [30:1.1]) was used (11) ( Fig. 2A and B) .
Construction of double mutants. Double mutants were constructed from pUC19C-derived single mutants, and chromosomal DNA from the pJDC9 derivatives was used in subsequent transformations to introduce the second PBP mutation. Under standard transformation conditions, several hundred transformants, pbp1a pbp1b mutants or pbp1b pbp2a mutants, were obtained, corresponding to a transformation efficiency of 4 ϫ 10 Ϫ5 to 5 ϫ 10 Ϫ5 , and all showed the expected PBP profiles (Fig. 2) . In the pbp1b pbp2a double mutant, the PBP1a band appeared somewhat smeared on the gel (Fig. 2B) . PBP1a has an unusual mobility on SDS-polyacrylamide gels in wildtype cells, showing a much higher apparent molecular mass of more than 92 kDa compared to a deduced molecular mass of 79.7 kDa. It is possible that this is due to either modification of PBP1a or its interaction with another component and that this property is affected in the mutants. In contrast, the transformation efficiency dropped by Ͼ10-fold when disruption of pbp2a was attempted in a pbp1a mutant used as recipient. Eleven transformants were tested, but none showed a defect in PBP2a on fluorograms ( Fig. 2A and B) or contained an insert in the pbp2a gene when investigated by PCR analysis. The transformation was repeated another two times with the same result. Thus, although a negative experiment is not definite proof, the data strongly suggest that simultaneous deletion of both pbp1a and pbp2a is lethal in S. pneumoniae. Cellular growth of the mutants. All single mutants and the two types of double mutants obtained grew slower than the R6 strain, with generation times between 43 and 49 min compared to 36 min for the R6 strain (Fig. 3) . Different mutants isolated from the same transformation experiments occasionally had slightly different generation times, similar to the results for strains with mutant PBP1a or PBP3 as reported previously (18, 22) . They also did not reach the same cell density as the parental strain, and they lysed earlier after reaching stationaryphase growth, suggesting that the lack of each of these enzymes causes some defects related to cell wall biochemistry (Fig. 3) . The differences in generation time were less pronounced when the cells were grown in the absence of erythromycin, but the early onset of stationary-phase lysis especially in mutants with a disrupted pbp2a was still clear (data not shown).
Morphology. When observed under the phase-contrast microscope, the single mutants did not show any obvious phenotype, whereas the double mutants appeared deformed and grew in small clumps (not shown). Cells of the double mutants were examined in more detail in the electron microscope. Exponentially growing cells were harvested by centrifugation and prepared on carbon film by negative staining according to published procedures, using 1% sodium tungstophosphoric acid (pH 7.0) or 2% ammonium molybdate (24) and observed in an Philips CM100 electron microscope (Fig. 4) . They were grown in C medium with or without the addition of 2% choline. The addition of choline prevents cell separation but not cell division, and morphological changes can be observed more easily under these conditions (5) . In both the pbp1a pbp1b and pbp1b pbp2a mutants, adjacent septa appeared frequently at odd angles rather than parallel to each other as in the parent R6 strain, resulting in a corkscrew-like growth within the cell chains (Fig. 4) .
Antibiotic susceptibilities. The E. coli PBP1b contains a moenomycin-sensitive glycosyltransferase activity (25, 26) . Despite the homology of the N-terminal domains of class A PBPs, they are generally not targets for this antibiotic, and the activity of the E. coli monodomain glycosyltransferase that consists of just this module is also not affected by this drug (7) . We investigated the susceptibilities of S. pneumoniae single and double mutants to moenomycin by using a narrow range of antibiotic concentrations on blood agar plates (3% sheep blood; moenomycin concentrations used were 0.25, 0.3, 0.5, 0.75, 1, 1.25, and 1.5 g/ml). The following MICs (in micrograms per milliliter) were obtained for the different strains: R6, 1; pbp1a and pbp1a pbp1b mutants, 0.75; pbp1b mutant, 1.25; pbp2a mutant, 0.5; and pbp1b pbp2a mutant, 0.3. Thus, all mutants with a defective pbp2a gene clearly showed a higher susceptibility to moenomycin than the parental strain did, suggesting that this protein functions as a moenomycin-sensitive glycosyltransferase. This was similar to pbp1a mutants, but here the effect on moenomycin susceptibility was less pronounced, although in vitro data suggested an interaction between the glycosyltransferase domains of PBP1a and moenomycin (8) . No difference was found in the MICs of ␤-lactam antibiotics (cefotaxime, oxacillin, and penicillin G were tested) except that a slightly higher oxacillin MIC was detected for the pbp1a mutant and for both of the double mutants (0.07 to 0.08 g/ml versus 0.03 g/ml for the R6 strain). These mutants grew poorly on agar plates, and 48 h instead of the routinely used 24 h for MIC determination was required; therefore, the significance of the MIC changes is difficult to evaluate.
Concluding remarks. S. pneumoniae is the first organism for which the roles of all class A PBPs were investigated genetically. The importance of these proteins has been deduced from studies on penicillin-resistant strains. The fact that mutations in S. pneumoniae PBP2x and PBP2b are required for primary, low resistance to these drugs has been used as an argument to confirm their essential function (10, 17) . Variants with a reduced affinity to penicillins were also observed in all class A PBPs in high-level-resistant strains, and experimental evidence that they can function as resistance determinants was obtained for both PBP1a and PBP2a (13, 20) . This shows that inhibition of these PBPs also cannot be tolerated by the cell, at least under certain conditions. In fact, changes in all PBPs including the low-molecular-weight PBP3 have been associated with re- VOL. 181, 1999 NOTES 3855 sistance to ␤-lactams (15) , documenting that the genetic background and function of other PBPs are important parameters that define the indispensable nature of a PBP. However, even a slightly slower growth rate, such as that shown for all class A PBP mutants, may be a handicap in vivo, and an early onset of stationary-phase lysis evident at least in the double mutants will decrease the chances of surviving. Therefore, it seems unlikely that class A PBP mutants can be found outside the laboratory. Taken together, the results suggest that the Nterminal glycosyltransferase domain remains an important target for antimicrobial compounds.
